Electrically conductive woven, knitted, and nonwoven composite fabrics are prepared by in situ chemical polymerization of pyrrole using suitable oxidant and dopant. These composite fabrics show surface resistivity in the range ∼1 to 2 kΩ. These composite fabric can alter their resistivity with various stimuli such as mechanical strain, pH, and humidity. So, in the present study, their response to pH, humidity, and mechanical strain is investigated. For all fabrics, similar behaviour has been observed regarding pH versus resistivity. The resistance of the composite fabric increases with the increase of alkalinity of pH. However, as bending strain increases, resistance steeply decreases for cotton fabrics, steeply increases for polyester fabrics, and initially decreases and then increases for wool fabrics. Regarding humidity sensitivity, sigmoid curves have been obtained for all kinds of fabrics.
Introduction
Alan MacDiarmid, Alan Heeger, and Hideki Shirakawa have discovered electroconductive polyacetylene and encouraged a new field of research on conductive polymers such as polyaniline, polypyrrole, and polythiophene. These conductive polymers have conductivity above semiconductors and below the metals. Unlike metals, their conductivity can be tailored by varying the level and kinds of doping [1] . But they lack processability to form fibres or filaments due to their inherent structural intractability and stiffness that comes from conjugation along molecular chain [2, 3] . Among these conductive polymers, polypyrrole (PPy) has low cost, good environmental stability, and satisfactory electrical conductivity in doped condition [4] [5] [6] [7] . Textile materials are insulator but strong, light-weight, and flexible. If conductive polymers are applied on the surface of the textile material, then an electroconductive textile composite can be developed, which will be strong, flexible, and light-weight, unlike metals and semiconductors. Electrical conductivity in textile materials can be achieved by metal coating with metal powders or incorporating metal wires into textile structure [8] [9] [10] . Metal fibres can be used during spinning process to produce electroconductive yarns [11] . These yarns can be used in weaving or knitting to produce electroconductive fabrics as well. However, manufacturing and postspinning and postweaving operations of these yarns and fabrics are difficult and also they lose textile properties. In this respect, the coating of textile yarns and fabrics by electroconductive polymers may be a useful alternative. Literature says that in situ polymerization methods are very suitable for applications of conductive polypyrrole to textiles [12] [13] [14] [15] [16] [17] . These electroconductive textiles are proposed to be used in various applications such as heating pads [3] , EMI shielding [16, 17] , and sensors [2, 14, 15] . There are few works reported in the literature regarding sensory applications of polypyrrole polymers in pure form or embedded in other structures [18] [19] [20] [21] . But there is a lack of information about the polypyrrole based composites where various textile structures such as woven, knitted, and nonwovens made of a variety of fibres such as cotton, wool, and polyesters are used as substrate. So the present study aims at the preparation of polypyrrole based textile composites using different fabric made of a variety of fibres and exploration of their characteristics as pH, humidity, and strain sensor. ∘ C in a cryostat instrument. After cooling both solutions are poured and mixed in a separate beaker where textile fabric is kept. As a result in situ polymerization of pyrrole starts leading to deposition of polypyrrole on the fabric surface. This beaker of polymerization is kept in a cryostat at 5 ∘ C for 60 minutes and frequently stirred with a glass rod. After the polymerization, samples are taken out from polymerization bath, thoroughly rinsed with cold water, and dried in an oven at 80 ∘ C for 3 hours. After that samples are conditioned at 22 ± 2 ∘ C temperature and 65 ± 5% relative humidity for 48 hours before the measurement of surface resistivity.
Measurement Methods
Polymer add-on percentages of electroconductive fabric samples are calculated by taking oven dry weight of samples before and after in situ polymerization. The polymer add-on percentage is the difference between the final weight and the initial weight of the fabric expressed as a percentage of the initial weight. The surface resistivity of polypyrrole coated fabrics is measured by the concentric ring electrode probe method as per AATCC Test Standard 76-2005 at 22 ± 2 ∘ C temperature and 65% relative humidity. A digital multimeter (MASTEC MAS830L) is used for taking the measurement in conjunction with concentric ring electrode probe.
Results and Discussions

Surface Resistivity of Electroconductive Composite Fabric.
The surface resistivity and polypyrrole add-on all of the electroconductive fabrics are measured and the average surface resistivity of 20 observations is shown in Table 1 . It can be seen that lowest resistivity and highest add-on achieved in the case of polyester needle-punched nonwoven fabric due to its thicker, bulkier, and porous structure. If we compare fibres, then wool fibres show better add-on and lower resistivity than those of the polyester and cotton. This may be due to the irregular/scaly wool surface and higher chemical interaction between wool and polypyrrole.
SEM Analysis of Polypyrrole Coated Textile
Fabrics. SEM images of the untreated and PPy coated fabrics are shown in Figure 2 . It has been seen that all individual fibres are coated with polypyrrole polymer quite uniformly. Granular morphology of PPy is observed on the fibre surface. A significant amount of polypyrrole is also present in fibre interstices. This finding confirms that the polymerization proceeded smoothly resulting in the formation of a uniform layer of PPy around the individual fibres as well as in the fibre interstices. electroconductive composite fabrics is measured by dipping the fabric samples of specific dimension in different pH solution and connecting with a digital multimeter. pH solutions of all ranges from 2 to 13 are prepared by dissolving acetic acid and caustic soda in deionized water for acidic and alkaline pH, respectively. Small samples of dimension of 2.54 cm × 2 cm are prepared for all types of composite fabrics and fixed on a glass strip of the same dimension with the help of metallic clips attaching both ends in lengthwise. The clips are connected with a digital multimeter to measure the initial resistance of the composite fabric. Then strip assembly is immersed in a particular pH solution and change in resistance is observed. This measurement is done for all kinds of fabric samples by taking a fresh strip of fabric for each pH solution. The fractional change of electrical resistance, that is, the pH sensitivity of all kind of fabrics for the different pH solution, is given in Table 2 . Figure 3 shows the characteristic curves of pH sensitivity for all kinds of composite fabric. It can be seen that all kinds of fabrics follow a similar characteristic curve and as basicity of the solution increases resistivity increases. However, after a certain level of basic pH the resistivity of the fabrics increases drastically. An increase in the solution pH caused a decrease of the doping level due to the release of part of the counter-ions leading to an increase in the surface resistivity. A similar observation is earlier made by Molina et al. [18] .
Effect of pH of Surface Resistivity of Electroconduc
Effect of Bending Strain on Resistivity of Conductive
Fabrics. Fabric samples are cut in strips of 10 cm × 2 cm dimension for testing. Each fabric strip is fixed on an insulating flexible plastic strip of the same dimension. The ends of the sample are connected with a multimeter by metal clips and wire for measuring the resistance. The plastic strip with the sample is bending with different bending angle ( ) as shown in Figure 4 and corresponding resistance of the sample is measured by the multimeter. The results have been shown in Figure 5 . It can be seen from Figure 5 that as bending angle, that is, strain in the samples, increases electrical resistivity of all fabrics changes. The electrical resistivity monotonously decreases in the case of cotton composites, initially decreases and then increases in case of wool composites, and monotonously increases in case of all polyester composites. The increase or decrease of electrical resistivity is due to the redistribution of contact points of flow of charge through the structure upon bending. In case of cotton fabric, the redistribution of contact points is in favour of decrease of the fabric resistance and, for other fabrics, it is in favour of increase of resistance. It is understood that there are various factors that may affect this redistribution of contact points, such as fibre-polymer interaction, functional groups in the fibre, number of fibres in the equivalent weight of fabric, shape of the fibre, twist in the fibre, and fabric structure. Here, four different fabrics made of three different fibres are used in this study and the fibres are having different density, shape, and functional groups. All these factors may influence the redistribution of contact points. For understanding the reason or factors that influence the redistribution of contact points in favour of increase or decrease of resistance, a further investigation is required.
Effect of Humidity on Resistance of Electroconductive
Composite Fabrics. Here, samples of size (10 × 10) cm are taken from all types of composite fabrics for further analysis. All fabric samples are firstly oven dried and their oven dry weight and surface resistivity at oven dry condition are measured by concentric ring probe electrode. Then fabric samples are wetted properly by dipping them in deionized water and again weight and surface resistivity are measured. Then, these fully wet samples are kept in an oven drier for few minutes for partial drying and taken out for measurement of weight and corresponding surface resistivity. In this way, few measurements are carried out during their drying period before the fabrics are fully dried. The moisture content of the samples is calculated at every stage of drying and corresponding surface resistivity is noted down for analysis. The results obtained by these experiments are shown in Figure 6 . It can be seen from Figure 6 that as the moisture content of the composite fabric increases, surface resistivity decreases and sigmoid curves have been obtained for all kinds of composite fabric. Initially, decrement rate of resistance is higher with the increase of moisture content up to a certain level and afterwards the curves flatten. However, after achieving certain levels of moisture content in the fabrics, a higher rate of decrement of resistivity has been observed again for all kinds of composite fabric. The initial drop of resistivity is found higher in case of cotton fabrics, because, upon water uptake, ion mobility of PPy increases and moreover individual cotton fibres swell upon water uptake and establish better polymer contacts in fibre interstices to reduce the resistivity. Also, the interaction between the fibre and water molecule may play a significant role in contributing electrical conductivity. For this reason, being a hydrophilic fibre, cotton shows a higher rate of drop in resistivity upon moisture uptake, whereas the wool surface is hydrophobic due to the dry scales on its surface, lacking fibre-water interactions. But it can absorb moisture through the pores of scales and swell which enhances ion mobility of PPy as well as establishing better polymer contacts in fibre interstices to reduce resistivity. In case of polyester fabrics, polyester fibres do not swell, but the PPy inside polyester fabrics enhances ion mobility upon water uptake and as a result resistance reduces.
Conclusions
Polypyrrole coated textile composite fabric have been successfully prepared by in situ chemical polymerization of pyrrole onto textile fabrics using ferric chloride as oxidant and -toluenesulfonic acid as a dopant. Cotton, wool, and polyester fibres can be successfully coated in this way with polypyrrole. Polypyrrole coated textile composite fabrics can change their resistance substantially by changing environmental pH and environmental humidity and by applying strain. The resistance of the composite fabric increases with the increase of alkaline pH. As strain increases in the composite structure, resistance steeply decreases for cotton 
